SUR1 is an ATP-binding cassette (ABC) transporter with a novel function. In contrast to other ABC proteins, it serves as the regulatory subunit of an ion channel. The ATP-sensitive (K ATP ) channel is an octameric complex of four pore-forming Kir6.2 subunits and four regulatory SUR1 subunits, and it links cell metabolism to electrical activity in many cell types. ATPase activity at the nucleotidebinding domains of SUR results in an increase in K ATP channel open probability. Conversely, ATP binding to Kir6.2 closes the channel. Metabolic regulation is achieved by the balance between these two opposing effects. Precisely how SUR1 talks to Kir6.2 remains unclear, but recent studies have identified some residues and domains that are involved in both physical and functional interactions between the two proteins. The importance of these interactions is exemplified by the fact that impaired regulation of Kir6.2 by SUR1 results in human disease, with loss-of-function SUR1 mutations causing congenital hyperinsulinism and gain-of-function SUR1 mutations leading to neonatal diabetes. This paper reviews recent data on the regulation of Kir6.2 by SUR1 and considers the molecular mechanisms by which SUR1 mutations produce disease.
SUR1 IS AN ATP-BINDING CASSETTE PROTEIN
ATP-binding cassette (ABC) transporters constitute a large group of membrane transport proteins (Dean 2002) , which use the energy of ATP hydrolysis to mediate a variety of functions. In eukaryotes, ABC proteins are primarily involved in the transport of substrates out of the cell or into intracellular organelles, but in prokaryotes they also serve as importers (Hollenstein et al. 2007) . The advent of high-resolution structures of various bacterial ABC proteins in recent years has suggested a mechanism by which ATP hydrolysis at the nucleotide-binding domains (NBDs) of ABC proteins is coupled to conformational changes that drive substrate transport (Locher 2009 ).
The sulphonylurea receptors SUR1 and SUR2 (ABCC8: GenBank accession number NM_000352.3 and ABCC9: GenBank accession number NM_005691.2 (SUR2A) and NM_020297.2 (SUR2B)) are unique among ABC transporters in that they serve as ion channel regulators. They belong to the ABCC subfamily of ABC proteins, which also includes the cystic fibrosis transmembrane conductance regulator (CFTR, ABCC7) and the multidrug resistanceassociated protein 1 (MRP1, ABCC1). Despite their phylogenic similarity, these proteins have very diverse functions. MRP1 is a multidrug exporter of glutathione conjugates employing ATP hydrolysis to drive substrate transport, as in classical ABC transporters (Deeley et al. 2006) . However, CFTR operates as an ion channel gated by ATP hydrolysis (Muallem & Vergani 2009) , and SUR is an ion channel regulator in which ATP hydrolysis modulates the gating of a separate Kir6.2 channel pore ( Nichols 2006) .
All three types of protein are of clinical importance: MRP1 is overexpressed in certain tumour cells, conferring resistance to multiple anticancer drugs (Cole & Deeley 1998; Deeley et al. 2006) ; more than 1000 different mutations in the CFTR gene have been linked with cystic fibrosis (Gadsby et al. 2006) ; and mutations in SUR1 can cause insulin secretion disorders such as neonatal diabetes and hyperinsulinism (HI ) (Nichols 2006; Ashcroft 2007) . This review focuses on how SUR1 regulates the activity of Kir6.2, and how mutations in SUR1 that disrupt this regulation lead to disease.
STRUCTURE OF SUR1
ABC transporters are built in modular form. All possess four characteristic structural domains: two NBDs and two transmembrane domains (TMD1 and TMD2) each containing 6-10 transmembrane a-helices. SUR is unusual in having an additional set of five N-terminal transmembrane helices (TMD0) that is connected to TMD1 by a long cytosolic loop known as the CL3 linker (figure 1a). It shares this feature with some of the multidrug resistance proteins of the ABCC family (MRP1-3 and MRP6-7), but not with CFTR. It seems reasonable to postulate that TMD0 was once a separate protein which during evolution has been hijacked by SUR1 to serve a different function.
Similar to the NBDs of other ABC proteins, those of SUR possess several highly conserved motifs (figure 1a,b). These include the Walker A and B motifs and an intervening linker known as the ABC signature sequence. Additional conserved residues include invariant glutamine (Q-loop), histidine (H-loop), aspartate (D-loop) and aromatic (A-loop) residues. The NBDs associate in a head-to-tail arrangement to form two nucleotide-binding sites, in which the nucleotide is sandwiched between the Walker A and B motifs of one NBD and the linker of the opposite NBD (Hollenstein et al. 2007 ). Thus, site 1 contains the Walker A and B motifs of NBD1 and the linker of NBD2 (figure 1b).
Interestingly, members of the human ABCC subfamily show significant asymmetry in their NBDs: whereas all NBD2s have an Asp-Glu pair in their Walker B motif, virtually all NBD1s feature Asp-Asp. This is significant because the Walker B glutamate has been implicated in the catalytic activity of the NBDs (Linton & Higgins 2007) . Furthermore, although the linker sequence (LSGGQ) of NBD1 is perfectly conserved, that of NBD2 is not. Thus, site 2 is better conserved than site 1 and more similar to consensus NBDs.
A further peculiarity of all ABCC NBDs except those of SUR is a 13-residue deletion between the NBD1 Walker A motif and the Q-loop (Ramaen et al. 2006) . By contrast, SUR1 and SUR2 feature additional insertions of 13 and 4 residues, respectively. In the crystal structure of Sav1866, the 13 residues deleted in other ABCC proteins contact the coupling helix of the opposing TMD (Dawson & Locher 2006) ; this is presumably also the case for SUR.
These structural asymmetries in the nucleotidebinding sites correlate with functional differences. Unlike typical ABC transporters, the NBDs of many ABCC proteins differ in their ATPase activity. Thus, site 2 of SUR1 (which more closely resembles that of bacterial ABC transporters) has greater ATPase activity than site 1 (Matsuo et al. 1999; de Wet et al. 2007a) . Furthermore, it appears that it is occupancy of site 2 by MgADP that leads to changes in K ATP channel activity (Reimann et al. 2000; Zingman et al. 2001) . No high-resolution structure yet exists for SUR1, and the lack of any ABCC high-resolution structures means that there are no suitable templates for homology modelling of the complete protein. However, several models of the NBDs, or of SUR1 lacking TMD0 and CL3, have been generated, based on the crystal structures of other ABC proteins (Campbell et al. 2003; Babenko 2008; de Wet et al. 2008) . The structures of Sav1866 (Dawson & Locher 2006 and MsbA ( Ward et al. 2007 ) reveal a domain-swapped topology in which the NBD of one monomer contacts the TMDs of the other monomer. If this topology also exists in SUR1, it would position NBD1 in contact with the cytosolic loop 7 of TMD2. This loop is thought to contribute to sulphonylurea binding (Ashfield et al. 1999) and therefore presumably lies in close proximity to both TMD0 and the N-terminus of Kir6.2, which are also involved in sulphonylurea binding (Hansen et al. 2005; Vila-Carriles et al. 2007 ).
STRUCTURE OF THE K ATP CHANNEL
SUR1 is unique among ABC proteins in that it serves as a channel regulator, forming a tightly associated octameric K ATP channel complex in which four Kir6.2 subunits form a central pore surrounded by four SUR1 subunits (Clement et al. 1997; Mikhailov et al. 2005) . Gel filtration of purified SUR1 indicates that even in the absence of Kir6.2 the protein assembles as a tetramer (de Wet et al. 2007a) . Likewise, the NBDs of SUR1 associate in ring-like structures of approximately eight monomers, even when Kir6.2 or the TMDs of SUR1 are not present (de Wet et al. 2007a ). This suggests that SUR1 possesses some intrinsic capacity for stable association which may contribute to the formation of the octameric K ATP channel complex; in other words, SUR1 does not simply assemble on a Kir6.2 scaffold. Interestingly, a human multidrug transporter of the ABCG subfamily (ABCG2) also purifies as a tetramer, with a hole in its centre (McDevitt et al. 2006) .
Currently, the only published structure of the K ATP channel complex is a cryonegatively stained electron microscopy map at 18 Å resolution. This shows a tightly packed complex approximately 18 nm in maximal diameter and 13 nm in height (Mikhailov et al. 2005) . Obtaining high-resolution structural information on both the individual K ATP subunits and the entire K ATP channel complex is now essential, in order to better equate structure and function.
4. REGULATION OF KIR6.2 BY SUR1, AND VICE VERSA Kir6.2 is unable to reach the surface membrane in the absence of SUR1, owing to an endoplasmic reticulum retention tag (RKR) in the C-terminus of the protein that is screened by SUR1 (Zerangue et al. 1999) . This makes it difficult to determine which K ATP channel properties are intrinsic to Kir6.2 and which are conferred by SUR1. However, mutation of the RKR motif, or its deletion by truncation of Kir6.2 at residue 355 (Kir6.2DC), enables independent surface expression of Kir6.2 Zerangue et al. 1999) . This allows the functional effects of ATP on Kir6.2 to be assessed in the absence of SUR1 .
Such studies have shown that SUR1 has multiple effects on Kir6.2 (Proks & Ashcroft 1997; Tucker et al. 1997; Nichols 2006) . It enhances the open probability (Po) from approximately 0.1 to 0.4. It increases the channel ATP sensitivity 10-fold, the ATP concentration required to half-maximally inhibit the channel (IC 50 ) decreasing from approximately 100 mM to about 10 mM. It confers sensitivity to activation by Mg-nucleotides such as MgATP and MgADP. It also endows the channel with sensitivity to therapeutic drugs, which bind directly to SUR1 to modulate K ATP channel activity: for example, sulphonylureas (e.g. glibenclamide, tolbutamide) inhibit and K-channel openers (e.g. diazoxide) activate the channel.
Physiologically, the K ATP channel is regulated by changes in cytosolic adenine nucleotides, which thereby couple cell metabolism to channel activity. Thus, a key issue is to obtain a detailed understanding of the mechanism underlying this regulation. Because ATP binding to SUR1 requires Mg 2C whereas that to Kir6.2 does not (Gribble et al. 1998) , the effects of ATP on Kir6.2 can be isolated by using Mg-free solutions. A more difficult task is to determine the effects of interactions of Mg-nucleotides with the NBDs of SUR1. One way to do this is to take advantage of mutations that abolish ATP binding to Kir6.2 without affecting any other channel properties: for example, G334D (Drain et al. 1998) .
There is also evidence that Kir6.2 affects SUR1 function. One of the canonical functions of ABC proteins is that they hydrolyse MgATP. This is also true of SUR1 (Matsuo et al. 1999; Masia et al. 2005; de Wet et al. 2007a ). However, the K m for ATP hydrolysis is increased when Kir6.2 is present (from 0.1 to 0.3 mM for SUR1 and K ATP , respectively), indicating a lower affinity for the K ATP channel complex (Mikhailov et al. 2005; de Wet et al. 2007a) . The turnover rate of the purified K ATP channel complex is also approximately 10-fold higher than that of purified SUR1. The activity of other ABC transporters, including the closely related MRP1 (Mao et al. 1999) , is stimulated by their substrates, and it is possible that the mechanism by which Kir6.2 enhance the ATPase activity of SUR1 resembles this substrate activation. Interestingly, K-channel openers enhance the ATPase activity of SUR2A in cardiac membranes (Bienengraeber et al. 2000) . However, we have not been able to observe modulation of the ATPase activity of purified SUR1 by either diazoxide or glibenclamide (H. de Wet and F.M. Ashcroft, unpublished).
HOW DOES SUR1 TALK TO KIR6.2?
As outlined above, SUR1 has many regulatory effects on Kir6.2 (and vice versa). Much uncertainty, however,
still surrounds the molecular mechanisms underlying the interactions between these two proteins. The picture is complicated by the fact that there are several sites involved in both proteins and that different sites have been associated with different effects on channel function.
Physical interactions between SUR1 and Kir6.2 have been demonstrated both in co-immunoprecipitation studies (Lorenz et al. 1998; Chan et al. 2003) and by the requirement for both proteins for surface expression (Zerangue et al. 1999) . Several regions of SUR1 and Kir6.2 appear to be involved. For example, interaction between the TMs of SUR1 and the first TM of Kir6.2 (Schwappach et al. 2000) are required for membrane trafficking, as are interactions of TMD0 with Kir6.2 (Chan et al. 2003) . Co-immunoprecipitation (but not necessarily surface trafficking) is abolished by mutation of F132L in CL2 (Proks et al. 2006a) and of Y195E at the start of CL3 (figure 2).
TMD0 and CL3 of SUR1 are sufficient to regulate the intrinsic (ligand-independent) gating of Kir6.2, as demonstrated by the fact that the coexpression of Kir6.2DC with TMD0 modulates gating, increasing the channel open probability (Po) from approximately 0.1 to approximately 0.6 (Babenko & Bryan 2003; Proks et al. 2007) . TMD0 is also responsible for the different kinetics of channels containing different SUR isoforms (Babenko et al. 1999 ). There are clearly several different interactions between Kir6.2 and TMD0/CL3 that mediate the modulation of Kir6.2 gating by SUR1. For example, the F132L mutation in SUR1 disrupts the physical binding of Kir6.2 and TMD0 (Proks et al. 2007 ). However, it also increases Po. This indicates that the F132L mutation must disrupt an inhibitory interaction between Kir6.2 and TMD0, leaving a stimulatory interaction intact. Similar findings have been reported for CL3: coexpression of Kir6.2DC with TMD0 plus increasing lengths of CL3 first increases and then decreases Po (Babenko & Bryan 2003) . This implies that there are multiple binding sites within CL3 that have different effects on channel gating. Whether or not Mg-nucleotides and/or drugs that interact with SUR1 also mediate their effects on K ATP channel Po via interaction of TMD0/CL3 and Kir6.2 is unknown.
There also appear to be many sites on Kir6.2 that interact with SUR1. Deletion of as few as five residues in the N-terminus of Kir6.2 enhances the intrinsic Po, but only in the presence of SUR1, suggesting that these residues may interact with SUR1 (Reimann et al. 1999; Koster et al. 2000) . Single-point mutations in both the N-terminus (F35V, Q52R) and the C-terminus ( Y330C) of Kir6.2 have the same effect (Tammaro et al. 2005 (Tammaro et al. , 2006 Proks et al. 2006b ). These residues lie close to one another in a structural model of Kir6.2 (Haider et al. 2005) , which raises the possibility that these regions of Kir6.2 interact with SUR1.
WHEN REGULATION FAILS: SUR1 MUTATIONS AND DISEASE
The importance of SUR1 as a regulator of K ATP channel activity is exemplified by the fact that loss-and gain-of-function mutations result in congenital HI and neonatal diabetes, respectively (Ashcroft 2005 (Ashcroft , 2007 Gloyn et al. 2006) . K ATP channels play a key role in insulin secretion both in response to glucose, the main physiological stimulus, and to sulphonylurea drugs that are used to treat type 2 diabetes ( figure 3a,b) . Lossof-function mutations reduce K ATP channel activity, producing a persistent membrane depolarization that leads to the activation of voltage-gated Ca 2C influx and continuous insulin secretion, irrespective of the blood glucose level (figure 3c). Conversely, gain-of-function mutations prevent the channel from closing in response to metabolically generated changes in adenine nucleotides. Thus the b-cell remains hyperpolarized even when blood glucose levels rise, thereby keeping voltage-gated Ca 2C channels closed and preventing Ca 2C influx and insulin secretion (figure 3d ).
(a) Hyperinsulinism of infancy Congenital HI is characterized by abnormally high levels of insulin secretion despite severe hypoglycaemia (Dunne et al. 2004) . It presents at birth or in early childhood and is a potentially serious condition as lack of treatment can result in irreversible brain damage. In most populations, the disease affects approximately 1 in 50 000 live births but the incidence is higher in some communities (Gloyn et al. 2006) . Although HI is a heterogeneous disorder, it is most commonly caused by SUR1 mutations, and almost 100 have been reported (Gloyn et al. 2006 ; figure 4 ). There is no precise genotype-phenotype correlation and the same mutation can cause HI with different degrees of severity in different people. The functional effects of HI mutations have only been studied in detail in a few cases (Ashcroft 2005) . One class of mutations leads to a reduction or total loss of K ATP channels in the plasma membrane due to abnormalities in gene expression, protein synthesis, maturation, assembly or membrane trafficking (e.g. Taschenberger et al. 2002) . Such mutations are distributed throughout the protein (figure 1). Interestingly, surface expression of a subset of trafficking mutants within TMD0 could be rescued by sulphonylureas such as glibenclamide, suggesting that the drug may act as a chaperone to ensure the correct folding of the protein ( Yan et al. 2004 ( Yan et al. , 2006 . Following glibenclamide removal, the channels were activated by metabolic inhibition, raising the possibility that they might be able to respond to hypoglycaemia in vivo.
A second class of HI mutations do not affect K ATP channel density but instead impair the ability of SUR1 to regulate channel activity: in particular, they reduce or abolish channel activation by MgADP and/or MgATP (e.g. Huopio et al. 2002) . Consequently, K ATP channels are always closed, independent of the metabolic state of the cell. These mutations tend to cluster within NBD2 and presumably act by impairing nucleotide binding/ hydrolysis. However, they have also been reported in other regions of SUR1, including TMD0 (AbdulhadiAtwan et al. 2008): one can speculate that these mutations either affect coupling to Kir6.2, or interfere with MgATP binding/hydrolysis allosterically. In general, this class of mutations result in a less severe phenotype due to a partial response to Mg-nucleotides, and some patients can be treated by the K-channel opener diazoxide (Dunne et al. 2004 ).
(b) Neonatal diabetes Activating mutations in SUR1 cause neonatal diabetes (Hattersley & Ashcroft 2005) . Some of these mutations lead to more severe syndromes that also include developmental delay and muscle weakness (iDEND syndrome) or to developmental delay, epilepsy muscle weakness, dysmorphic features and neonatal diabetes (DEND syndrome) (Hattersley & Ashcroft 2005) . All mutations studied to date decrease the ability of ATP to inhibit channel activity (at Kir6.2) and/or enhance the ability of Mg-nucleotides to stimulate channel activity (at SUR1), thus increasing the magnitude of the K ATP current (Ashcroft 2005 Review. SUR1 regulation of K ATP channel function J. Aittoniemi et al. 261
activity, calcium influx and insulin secretion. Currents of larger magnitude are considered to hyperpolarize other cells in which Kir6.2 is expressed, such as muscle and brain, accounting for the DEND phenotype. Consistent with this idea, the single SUR1 mutation that is associated with neurological problems results in a greater K ATP current than those that cause only neonatal diabetes (Proks et al. 2006a (Proks et al. , 2007  figure 4a ). In general, the increase in the current produced by SUR1 mutations is smaller than that caused by Kir6.2 mutations, reflecting the smaller number of severe phenotypes and the relatively higher incidence of relapsing-remitting (transient) diabetes (TNDM) than permanent neonatal diabetes (PNDM) or DEND syndrome (figure 4b). It is important to recognize, however, that even very small changes in the K ATP currents may have large effects on the b-cell membrane potential when the input resistance of the b-cell is very high.
(i) Mechanism of action Gain-of-function mutations in SUR are dispersed throughout the protein sequence, but are particularly concentrated in the first five transmembrane helices and their connecting loops, in CL3 and in NBD2 ( figure 5a,b) . They mediate their effects in two principal ways. Some mutations lead to a reduction in the inhibition produced by ATP binding at Kir6.2 (Proks et al. 2006a, 2007) , whereas others enhance channel activation by Mg-nucleotides. Both effects lead to an increase in K ATP current at a given MgATP concentration (Babenko et al. 2006; de Wet et al. 2007a de Wet et al. , 2008 Masia et al. 2007) .
How might mutations in SUR1 reduce the extent of ATP block at Kir6.2? One possibility is that they reduce ATP binding. The presence of SUR1 enhances ATP inhibition at Kir6.2 suggesting that SUR1 may contribute to the ATP-binding site or influence it allosterically . Disruption of this effect could reduce ATP binding directly: no mutation has yet been shown to act this way, but this may reflect the fact that few SUR1 mutations have been analysed mechanistically to date. Other mutations could disrupt ATP inhibition indirectly, by increasing the channel Po. Only one mutation (F132L) has been shown to act this way to date (Proks et al. 2006a (Proks et al. , 2007 . This lies within TMD0, a region of SUR1 known to be involved in modulating the channel Po (Babenko & Bryan 2003) . The F132L mutation increases the duration of the bursts of the K ATP channel openings and reduces the frequency and duration of the interburst closed states. This shift in gating equilibrium towards channel opening in the absence of ATP will produce a similar shift in the presence of the nucleotide, and thus indirectly reduce ATP inhibition. Interestingly, not all mutations in TMD0 mediate their effects via a change in Po (Masia et al. 2007) .
Because the K ATP channel activity is determined by the balance between ATP block at Kir6.2 and MgATP activation at SUR1, SUR1 mutations may also reduce the overall extent of ATP inhibition by enhancing MgATP and/or MgADP activation. Mutations in the nucleotide-binding sites may be expected to act this way.
Although many SUR1 mutations that lead to neonatal diabetes are found in NBD2, it is striking that only one is found in NBD1, and that this mutation lies in the linker that forms part of nucleotide-binding site 2 (figure 5b). As predicted from their location, both R826W (in NBD1) and R1380L (in NBD2) influence ATPase activity. The fact that R826W reduces ATPase activity, whereas R1380L enhances it, yet both increase MgATP activation of the channel, may at first seem surprising. However, the conundrum is resolved by the fact that both mutations appear to increase the probability of SUR being in a MgADP-bound state, thereby enhancing channel activity. In the case of R826W, this is because the mutation slows the rate at which Pi dissociates following ATP hydrolysis (de Wet et al. 2008) . The R1380L mutation seems to speed up the catalytic cycle, so that the protein spends less time in the pre-hydrolytic ATP-bound state (de Wet et al. 2007b) . The I1425V mutation in NBD2 also shows greater Mg-nucleotide-dependent stimulation of the channel activity (Babenko et al. 2006; I1424V in their notation) . While other NBD mutations have not been analysed in detail, their location suggests that they may also influence ATPase activity and/or Mg-nucleotide activation.
Finally, some mutations (e.g. H1023Y in TM12, Babenko et al. 2006; L225P in CL3, Masia et al. 2007) enhance Mg-nucleotide activation by unknown mechanisms. Such naturally occurring mutations provide fresh insights into K ATP channel function and are especially valuable when structural information is lacking.
(ii) Implications for therapy Prior to the discovery that neonatal diabetes could be caused by SUR1 and Kir6.2 mutations, many patients were treated from diagnosis with insulin. Recognition of the genetic basis of their disease rapidly led to a switch to sulphonylurea therapy. Sulphonylurea tablets have been used safely for many years to treat type 2 diabetes, so no clinical trials were required. Many patients with Kir6.2 mutations have now successfully transferred to sulphonylurea therapy (Pearson et al. 2006) . Although fewer studies have been reported to date, sulphonylureas also appear to be effective in many patients with SUR1 mutations (Masia et al. 2007; Babenko 2008 ).
SUR1 mutations that dramatically enhance Po are likely to result in a reduced block by sulphonylureas, as is the case for Kir6.2 mutations that increase Po. Patients carrying such mutations are unlikely to be able to transfer to sulphonylurea therapy (Pearson et al. 2006) . It is also possible that some SUR1 mutations may affect drug binding/transduction, as well as nucleotide sensitivity, although this has not yet been described.
Finally, a word of caution. Several SUR1 mutations have been identified in patients with neonatal diabetes, but on closer inspection it transpired that they were not the cause of the disease. In some cases, the parents were non-symptomatic carriers of the mutation, and in other cases no functional effects were found. This emphasizes the need to confirm that the mutant protein has a functional effect before attributing it to be the cause of the disease. Review. SUR1 regulation of K ATP channel function J. Aittoniemi et al. 263
CONCLUSIONS AND FUTURE CHALLENGES
The sulphonylurea receptor is an ABC protein that has been 'captured' by an inward rectifier channel (Kir6.2) and press-ganged into serving a novel regulatory role. Conformational changes caused by ATP binding/hydrolysis at the NBDs are now used to drive the opening of the tetrameric Kir6.2 channel rather than power substrate efflux. Precisely, how this is achieved remains a mystery. We still do not really know what, if any, is the role of NBD1 and why mutations in NBD1 impair both nucleotide binding and Mg-nucleotide-induced channel activation . Nor is it certain how many SUR1 subunits must bind MgADP in order to cause channel opening. Where therapeutic drugs bind, and how this binding modulates K ATP channel gating is important to resolve at a mechanistic level. What other functions SUR1 may have (see box 1) and whether it has any (as yet unidentified) transporter activity require further investigation. It also remains largely unclear exactly how the observed sequence diversity between ABCC proteins leads to their marked functional differences, i.e. what structural features determine why MRP1 is a transporter, CFTR an ion channel and SUR a channel regulator. Mechanistic insight into these problems will require both high-resolution structural information and more detailed functional analyses. Analysis of naturally occurring mutations in SUR1 (and indeed Kir6.2) may be valuable in pinpointing key residues. However, as shown here, to understand how these mutations work requires not only electrophysiological studies, but also biochemical measurements of ATPase activity, ATP binding, etc. Furthermore, because these properties differ for the isolated NBDs and are influenced by the presence of Kir6.2, ultimately biochemical studies will need to be carried out on the intact K ATP channel complex. This will not be easy to achieve. Neither will it be simple to obtain a high-resolution structure of the K ATP channel complex. Nevertheless, the rewards are such that substantial work in this area can be expected in the next years.
The fact that SUR1 is an ABC protein raises the question of whether in addition to its role as a channel regulator, it also acts as a transporter. To date, this has not been demonstrated. Although the K ATP channel has a relatively slow rate of ATP hydrolysis (100 nmol Pi min K1 mg K1 protein; Mikhailov et al. 2005 ) compared with other ABC proteins, it nevertheless lies within the range of that reported for MRP1 (from 5 to 470 nmol Pi min K1 mg K1 protein; Chang et al. 1998; Mao et al. 1999) . Thus, it is not inconceivable that it serves as a transporter of an as yet unidentified substrate.There is accumulating evidence, however, that SUR1 also plays a role in insulin granule exocytosis. First, K ATP channels are found at much higher density on insulin granules than in the plasma membrane (Geng et al. 2003) . Second, insulin granule fusion is reduced in SUR1 knockout mice (Kikuta et al. 2005) . Third, sulphonylureas enhance exocytosis as measured by an increase in b-cell membrane capacitance (Hoy et al. 2000) . Fourth, the ability of cyclic AMP to potentiate insulin exocytosis in a PKA-independent manner is impaired in SUR1 knockout mice (Nakazaki et al. 2002) . This may be related to the fact that Epac (cAMP-GEFII ) specifically binds to NBD1 of SUR1 in a cAMP-dependent manner (Shibasaki et al. 2004a ). SUR1 and Epac form part of a large complex involved in exocytosis, which includes piccolo (Shibasaki et al. 2004a,b) , and RIM2, a Rab-effector protein thought to be a scaffold on which many exocytotic proteins bind (Sudhof 2004) . Whether SUR1 serves merely as a scaffold protein or if it has some more active role in insulin granule exocytosis remains to be determined. The fact that the binding of Epac to SUR1 does not alter K ATP channel function favours the former possibility. However, syntaxin binding to the NBDs of SUR1 (Pasyk et al. 2004 ) inhibits K ATP channel activity ). Another possibility is that SUR1 might be involved in granule trafficking, as we recently found that SUR1 binds a-and b-tubulin. A number of proteins involved in glucose metabolism and ATP handling have been shown to physically interact with SUR2, including GAPDH (Jovanovic et al. 2005) , LDH (Crawford et al. 2002a ) and creatine kinase (Crawford et al. 2002b) . It would be of interest to explore if this is also the case for SUR1.
